Abstract This study attempted to explore how salt priming affected salt tolerance in sweet sorghum with emphasis on root Na ? uptake. After 10 days of pretreatment with 150 mM NaCl, plants were stressed with 300 mM NaCl. After salt stress for 7 days, dry matter of root and shoot decreased by 58.7 and 69.7 % in non-pretreated plants and by 37.9 and 41.3 % in pretreated plants. Consistently, pretreated plants maintained higher photosynthetic rate during salt stress, suggesting the enhanced tolerance by salt priming. Salt priming enhanced osmotic resistance, as proline and relative water contents in the leaf were higher in pretreated plants under salt stress. Salt priming alleviated salt-induced oxidative damage not by improving antioxidant protection due to lower increase in leaf malondialdehyde content and no extra induction on ascorbate peroxidase, catalase, superoxide dismutase, ascorbic acid and reduced glutathione in pretreated plants. After 7 days of salt stress, root Na ? efflux increased by 8.5-and 3.9-folds in pretreated and non-pretreated plants, suggesting that salt priming reduced root Na ? uptake, and then root and leaf Na ? accumulation were mitigated in pretreated plants. However, root Na ? extrusion became indifferent between pretreated and non-pretreated plants under salt stress after inhibiting plasma membrane (PM) Na ?
Introduction
At present, salinity has threatened much land in the world (Murtaza et al. 2009; Rozema and Flowers 2008 on crop growth, and it is feasible to meet the challenge of salinity by improving crop salt tolerance (Munns et al. 2006; Schroeder et al. 2013; Yan et al. 2013) . As well known, salt priming can availably improve plant tolerance to salt stress (Amzallag et al. 1990; Djanaguiraman et al. 2006; Saha et al. 2010 Saha et al. , 2012 Tajdoost et al. 2007; Tanou et al. 2012; Umezawa et al. 2000) . Salt stress inhibits photosynthetic activity and reduces plant growth by inducing osmotic stress and ionic toxicity (Chaves et al. 2009; Tari et al. 2013) . Salt priming can help plants acclimate to lethal salinity by enhancing osmotic adjustment and suppressing ionic toxicity, indicated by the lowered Na ? concentration and increased accumulation of osmolytes in salt-pretreated plants (Djanaguiraman et al. 2006; Saha et al. 2012) . Salt stress increases the concentration of toxic ions in plant cells, causes ion homeostasis disruption and then results in oxidative damage with excess generation of reactive oxygen species (ROS) (Zhu 2003) . Plant has evolved a set of antioxidant system to scavenge ROS, and the antioxidant system mainly consists of superoxide dismutase (SOD), ascorbate peroxidase (APX), and catalase (CAT) and ascorbic acid (AsA) and reduced glutathione (GSH) (Mittler 2002) . Salt priming may aid in mitigating salt-induced oxidative injury on plants by improving antioxidant capacity (Saha et al. 2010) .
Under salt stress, Na ? is the primary component imposing ionic toxicity on plants, and Na ? causes more severe damage to photosynthetic apparatus than osmotic pressure (Allakhverdiev et al. 2000; Munns and Tester 2008) . Thus, salt-tolerant plant varieties tend to accumulate less Na ? in the leaf and exhibit mild toxic symptoms (Almodares et al. 2014; Aparicio et al. 2014; Hussain et al. 2012; Jabeen et al. 2014 Jabeen et al. , 2015 . As the underlying reason, the difference of salt tolerance among plant varieties originates from the adjustment of root Na ? uptake (Bojorquez-Quintal et al. 2014; Maathuis et al. 2014) . After the exploitation of non-invasive micro-test technique (NMT), ion flux at root interface has been paid more attention. The results revealed that salt-tolerant plant variety exhibited higher root Na ? extrusion under salt stress, and root Na ? extrusion depended on the performance of plasma membrane (PM) Na ? /H ? antiporter Kong et al. 2012; Sun et al. 2009 ). However, it remains to be elucidated whether PM Na ? /H ? antiporter can be activated by salt priming to improve root Na ? extrusion in plants upon salt stress.
Sweet sorghum is a valuable energy crop, as high concentration of fermentable sugars is conserved in the stalk (Davila-Gomez et al. 2011) . Sweet sorghum has higher salt acclimation ability than sorghum, and is considered as a promising material for exploiting marginal saline land (Almodares et al. 2008; Vasilakoglou et al. 2011 ). Amzallag et al. (1990) addressed that sorghum could survive in lethal salinity after salt priming because of the improved salt tolerance; however, the mechanisms have not been systemically studied. This study aimed to investigate whether salt priming can improve salt tolerance in sweet sorghum by analyzing biomass accumulation and photosynthetic activity, and then systematically explore the mechanisms in terms of osmotic resistance, accumulation of toxic ion and antioxidant responses. In particular, NMT was adopted to examine the effect of salt priming on root Na ? flux in salt-stressed plants and explore the contribution of PM Na ? /H ? antiporter. Our study can deeply reveal physiological mechanisms of salt priming and possibly aid in developing saline agriculture.
Materials and methods

Plant material and treatment
After immergence in 30°C water for 2 h, seeds of sweet sorghum (Sorghum bicolor (L.) Moench. cv. YaJin) were transferred to a Petri dish and placed between two sheets of filter paper to germinate at 25°C in the dark. The filter paper was sprayed by Hoagland nutrient solution (pH 5.7) to keep the seeds wet (Arnon 1950) . Two days later, uniform seedlings (about 0.6 cm height) were selected and transferred to plastic pots filled with vermiculite. These pots were placed in climatic chambers (Huier, China), and the photon flux density, day/night temperature and humidity were respectively set at 200 lmol m -2 s -1 (12 h per day from 07:00 to 19:00), 25/18°C and 65 %. The seedlings were watered with full strength Hoagland nutrient solution. Thirty days later, uniform plants (approximately 30 cm height) were selected and separated to four groups.
In the first group, plants were not subjected to NaCl stress. In the second group, plants were always exposed to 150 mM NaCl. These two groups were used as control. In the third group, plants were subjected to 300 mM NaCl for 7 days after 10 days of pretreatment with 150 mM NaCl. In the fourth group, plants without pretreatment were treated with 300 mM NaCl for 7 days. In all groups, full strength nutrient solution was added with NaCl by 50 mM step per day to reach the final concentration. The solution was refreshed every 2 days, and the culture substrate was thoroughly leached using nutrient solution for avoiding ion accumulation before refreshing solution. After salt stress for 7 days, shoots and roots were, respectively, sampled and dried at 105°C for 10 min in an oven. Thereafter, they were completely dried at 70°C and weighed. The newest fully expanded leaves and newly developed roots were selected for measuring physiological parameters during salt stress.
Measurements of gas exchange and the maximum quantum yield of PSII (Fv/Fm) Gas exchange and Fv/Fm were analyzed with LI-6400XTR (Li-Cor, Lincoln, NE, USA) equipped with a fluorescence leaf chamber (6400-40 LCF, Li-Cor). After the leaves were dark-adapted for 30 min (Kalaji et al. 2014b) , the minimal fluorescence (Fo) was measured using a modulated pulse (\0.05 lmol m -2 s -1 for 1.8 s), and then a saturating actinic light pulse (8000 lmol m -2 s -1
) was triggered to detect the maximal fluorescence (F m ) for calculating Fv/ Fm. Subsequently, actinic light (800 lmol m -2 s -1 ) was initiated and maintained for about 30 min in leaf cuvette to ensure that photosynthesis reached a steady state. In the leaf cuvette, temperature and CO 2 concentration were set at 25°C and 400 lmol mol -1 . Photosynthetic rate (Pn, lmol m -2 s -1 ), intercellular CO 2 concentration (C i , lmol mol -1 ) and stomatal conductance (g s , mmol m -2 -s -1 ) were simultaneously recorded.
Measurement of relative leaf water content
Fresh leaves were collected for analyzing fresh weight (FW). Subsequently, they were immersed in distilled water for 4 h at room temperature to detect saturated fresh weight (SW). At last, they were dried to constant weight in an oven at 70°C, and dry weight (DW) was recorded. Relative water content (RWC) was determined according to the equation, RWC = (FW -DW)/(SW -DW) 9 100 %.
Measurement of proline content
Proline was extracted from dried leaf powder (0.2 g) by homogenization in sulphosalicylic acid (3 % w/v, 5 ml). After boiling for 10 min, the mixture was centrifuged to collect supernatant. Glacial acetic acid (2 ml) and ninhydrin reagent (3 ml) were added to the supernatant (2 ml) and incubated at 100°C for 40 min. Toluene (5 ml) was added to the mixture after cooling, and then proline content (mg g -1 DW) was analyzed by the absorbance of chromophore-containing toluene at 520 nm (Yan et al. 2012 ).
Measurement of Na
1 content Na ? was extracted according to Song et al. (2011) . Dried plant powder (0.1 g) was homogenized with deionized H 2 O (25 ml) and boiled for 2 h. The supernatant was collected after centrifugation for measuring Na ? concentration (mg g -1 DW) using an atomic absorption spectrophotometer (TAS-990, China).
Measurements of antioxidant enzymes activities, AsA, GSH and malondialdehyde (MDA) contents
The extraction and measurement methods have been illuminated in detail in our previous study . SOD activity (U g -1 FW) was determined by the inhibition on nitro blue tetrazolium reduction. APX (lmol AsA min -1 g -1 FW) and CAT (mmol H 2 O 2 -min -1 g -1 FW) activities were, respectively, estimated by AsA oxidation rate and H 2 O 2 decomposing rate. GSH content (lg g -1 FW) was analyzed according to the catalyzing rate of glutathione reductase. MDA content was reckoned by the reaction with thiobarbituric acid. A UV-1800 spectrophotometer (Shimadzu, Japan) was used for measuring these parameters. AsA content (mg g -1 FW) was detected using a high-performance liquid chromatograph (Thermo, USA) with a Polaris C18 column (5.0 lm particles size, 4.6 9 150 mm).
Measurements of net Na 1 flux
The principle and protocol for measuring root Na ? flux using NMT have been elucidated in detail in our recent study (Yan et al. 2015) . In this study, newly developed root segments were sampled for the measurement and a vigorous Na ? flux was identified at 500 lm from the root apex. As shown in Fig. 1a , the measured root position can be visualized under microscope. Salt stress increased root Na ? efflux (Fig. 1b) , and the average value of Na ? efflux is presented in Fig. 6b .
The contribution of Na ? /H ? antiporter to root Na ? flux was examined. Na
? /H ? antiporter was inhibited by incubating roots in the measuring solution containing 100 lmol amiloride for 30 min, and Na ? fluxes were scanned at the site of 500 lm from the root apex.
Statistical analysis
One-way ANOVA was carried out for statistical analysis using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Values in this paper are the means of five replicate plants, and LSD test at the 95 % confidence level was performed to compare the means.
Results
Changes in biomass under salt stress
After salt stress for 7 days, root and shoot dry weight were reduced by 58.7 and 69.7 % in non-pretreated plants compared with the control plants not subjected to NaCl stress, whereas lower decrease with 37.9 and 41.3 % was detected in pretreated plants (Fig. 2) . Thus, root and shoot dry weight were remarkably higher in pretreated plants after salt stress compared with non-pretreated plants (Fig. 2) .
Changes in Pn, g s , C i and Fv/Fm under salt stress Pn and g s were significantly decreased by salt stress in nonpretreated and pretreated plants compared with the plants subjected to 0 and 150 mM NaCl (P \ 0.05) (Fig. 3a, b) . Pn was remarkably higher in pretreated plants compared with non-pretreated plants during salt stress (P \ 0.05) (Fig. 3a) . After 1 day of salt stress, marked decrease in C i was recorded in pretreated and non-pretreated plants (P \ 0.05), but after 4 days of salt stress, C i was remarkably increased in non-pretreated plants (P \ 0.05) (Fig. 3c) . Fv/Fm was significantly decreased in nonpretreated plants after 4 days of salt stress (P \ 0.05), indicating the occurrence of PSII photoinhibition, whereas Fv/Fm in pretreated plants was not significantly affected even after salt stress for 7 days (Fig. 3d) .
Changes in leaf relative water content and proline content under salt stress Salt stress for 4 and 7 days decreased leaf relative water content by 11.9 and 19.1 % in non-pretreated plants compared with the plants not subjected to NaCl stress (P \ 0.05), whereas leaf relative water content decreased by 5.4 and 12.5 % in pretreated plants (Fig. 4a) , and obviously, the decrease was greater in non-pretreated plants. Salt stress significantly increased proline content in non-pretreated and pretreated plants at day 1, and during salt stress, proline content was always significantly higher in pretreated plants in contrast to non-pretreated plants (P \ 0.05) (Fig. 4b) .
Changes in MDA content and antioxidant system under salt stress After 4 days of salt stress, MDA content was significantly increased in non-pretreated plants compared with the plants exposed to 0 and 150 mM NaCl (P \ 0.05), whereas the increase did not reach significant level in pretreated plants until day 7 (Fig. 5a ). Upon 4 and 7 days of salt stress, MDA content was, respectively, increased by 52.6 and 96.6 % in non-pretreated plants and by 22.3 and 52.7 % in pretreated plants compared with the plants not subjected to NaCl stress (Fig. 5a) . The lower increase of MDA content in pretreated plants indicated that salt priming alleviated salt-induced oxidative injury. Compared with the plants exposed to 0 and 150 mM NaCl, SOD, CAT and APX activities and GSH and AsA contents were generally Fig. 1 The non-invasive ion-selective electrode closed to the root (a) and net Na ? fluxes at the point of 500 lm from root apex (b). Na ? fluxes were measured for 10 min, and each point is the mean of five replicate plants. C1 plants exposed to 0 mM NaCl; C2 plants exposed to 150 mM NaCl; S1 plants pretreated with 150 mM NaCl for 10 days and then exposed to 300 mM NaCl; S2 non-pretreated plants exposed to 300 mM NaCl. These symbols were also used in the all the figures Fig. 2 Changes in root (a) and shoot (b) dry weight after salt stress at 300 mM NaCl for 7 days. Data in the figure indicate the mean of five replicates (±SD). Different letters on error bars indicate significant difference among various salt treatments at P \ 0.05 elevated in non-pretreated and pretreated plants when salt stress was prolonged to 7 days, indicating that antioxidant defense was activated. Under salt stress, SOD, APX and CAT activities as well as AsA and GSH contents in pretreated plants were either lower than or almost equal to those in non-pretreated plants, suggesting that salt priming did not afford extra antioxidant protection.
Changes in Na 1 content and Na 1 flux at root interface under salt stress After salt stress for 7 days, root and leaf Na ? contents were significantly increased in non-pretreated and pretreated plants compared with the plants subjected to 0 and 150 mM NaCl (P \ 0.05), and they were remarkably less in pretreated plants than in non-pretreated plants (P \ 0.05) (Fig. 6a) . After salt stress for 7 days, root Na ? efflux was increased by 8.5-and 3.9-folds in pretreated and non-pretreated plants compared with the plants not subjected to NaCl stress, and thus, root Na ? efflux was higher in pretreated plants in contrast to non-pretreated plants (Fig. 6b) . With application of amiloride, root Na ? efflux was markedly reduced and became indifferent between pretreated and non-pretreated plants under salt stress (Fig. 6b) .
Discussion
Plant biomass accumulation is a comprehensive response to environment, and photosynthesis which closely correlates with plant growth seems very susceptible to abiotic stress (Brestic et al. 2012; Kalaji et al. 2011 Kalaji et al. , 2014a Shao et al. 2015; Zivcak et al. 2013) . Salt stress commonly inhibits photosynthesis and plant growth, and less inhibition is usually observed in salt-tolerant plant verities (Abbas et al. 2015; Almodares et al. 2014; Chao et al. 2013; Kiani-Pouya 2015; Yan et al. 2015) . In this study, biomass and photosynthetic activity were less affected by salt stress in pretreated plants compared with non-pretreated plants (Figs. 2, 3) , suggesting that salt priming strengthened salt tolerance in sweet sorghum. This finding conformed to the studies on maize, sorghum, mung bean and rice (Amzallag et al. 1990; Djanaguiraman et al. 2006; Saha et al. 2012; Tajdoost et al. 2007 ), but the mechanisms of salt priming were systematically explored in terms of ionic toxicity, osmotic adjustment and antioxidant ability in this study.
Salt stress can readily exert osmotic pressure on plant cells and induce the decrease in leaf stomatal aperture by perturbing water relations (Munns and Tester 2008) . Salt stress reduced g s in the leaves of sweet sorghum (Fig. 3b) , which could restrict water loss from transpiration and enhance water use efficiency (Yan et al. 2012) . However, the declined g s inevitably led to stomatal limitation of photosynthesis. Under salt stress, higher leaf relative water content was observed in pretreated plants compared with non-pretreated plants (Fig. 4a) , suggesting that salt priming enhanced osmotic resistance in sweet sorghum. Consequently, pretreated plants could maintain higher g s and alleviate salt-induced stomatal limitation on photosynthesis (Fig. 3) . Proline is defined as a primary protectant against osmotic stress and plays an important role in coordinating osmotic potential between cytosol and vacuolar (Ashraf and Foolad 2007) . Therefore, the stronger osmotic resistance in pretreated plants probably resulted from the greater accumulation of osmolytes such as proline (Fig. 4b) . In other words, salt priming mitigated salt-induced osmotic stress on sweet sorghum by enhancing osmotic adjustment.
Salt stress may lead to oxidative stress in plant cells through increasing ROS production (Oukarroum et al. 2015) . MDA content represents the extent of lipid peroxidation and has been accepted as a classic parameter to reflect oxidative injury (Blokhina et al. 2003; Yan et al. 2010; Yazici et al. 2007 ). Salt stress caused oxidative damage in sweet sorghum, and the damage was abated by salt priming, as the salt-induced increase in MDA content was lower in pretreated plants than in non-pretreated plants (Fig. 5a) . In response to oxidative stress, antioxidant system is often stimulated to provide essential protection for plants, and then antioxidant capacity can be used to discriminate salt tolerance among crop varieties (Ashrafi et al. 2015; Kiani-Pouya 2015; Neto et al. 2006; Sairam et al. 2005; Zhang et al. 2014) . Accordingly, it was reported that salt priming improved antioxidant protection and helped to Fig. 6 Changes in leaf and root Na ? contents (a) and variation of Na ? flux at root interface with and without the addition of amiloride (b) after salt stress at 300 mM NaCl for 7 days. Data in the figure indicate the mean of five replicates (±SD). Different letters on error bars indicate significant difference among various salt treatments at P \ 0.05 mitigate oxidative damage to plants upon salt stress (Saha et al. 2010; Sivritepe et al. 2008) . However, antioxidant protection in pretreated plants was not stronger than that in non-pretreated plants under salt stress in this study (Fig. 5b-f) . Therefore, salt priming ameliorated salt-induced oxidative stress in sweet sorghum not by strengthening ROS scavenging capacity and probably through the approaches such as xanthophyll cycle and PSI cyclic electron transport for depressing the induction of ROS creation (Azzabi et al. 2012; Lu et al. 2008; Zivcak et al. 2013) .
Ionic toxicity does not appear as rapid as osmotic stress, but it seems more hazardous to plant metabolisms under salt stress (Munns 2002) . Under salt stress, the ionic toxicity on plants is primarily induced by Na ? , and Na ? accumulation can irreversibly inactivate PSII due to its inhibition on the repair of damaged D1 protein (Allakhverdiev et al. 2000; Murata et al. 2007 ). After 4 days of salt stress, the decrease of Pn was mainly attributed to non-stomatal factor in nonpretreated plants, because unlike Pn and g s , C i was obviously increased (Fig. 3a-c) , and consistently, PSII photoinhibition occurred along with the significant increase in leaf Na ? concentration (Fig. 3d) . In contrast, salt priming reduced leaf Na ? accumulation and prevented PSII photoinhibition upon salt stress (Figs. 3d, 6a) . Therefore, salt-induced ionic toxicity in sweet sorghum was attenuated by salt priming, and this common finding also has been evidenced in other crops (Djanaguiraman et al. 2006; Saha et al. 2012) . However, we further demonstrated that salt priming restricted Na ? uptake in sweet sorghum by enhancing root Na ? extrusion (Fig. 6b) , and it was a fundamental mechanism to suppress salt-induced ionic toxicity. The exchange activity of Na ? /H ? antiporter can be induced to pump Na ? out from root cells upon salt stress through eliciting calcium signal transduction (Zhu 2003) . Coherently, the activation of PM Na ? /H ? antiporter was proved to be responsible for enhancing root Na ? extrusion in plants under salt stress (Kong et al. 2012; Sun et al. 2009; Bose et al. 2015) . In this study, root PM Na ? /H ? antiporter was also crucial for increasing root Na ? extrusion in pretreated plants, because salt-induced root Na ? extrusion became indifferent between pretreated and non-pretreated plants on the premise that PM Na ? /H ? antiporter was inhibited (Fig. 6b ). To summarize, salt priming improved salt acclimation capacity in sweet sorghum by enhancing osmotic adjustment and depressing ionic toxicity. Noticeably, salt priming enhanced root Na ? extrusion upon salt stress by activating PM Na ? /H ? antiporter, and as a result, ionic toxicity was mitigated with the reduced Na ? accumulation. Our findings implied that salt priming might enhance survival possibility of sweet sorghum grown under saline condition and could be applied in exploiting marginal saline land.
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